conductivity and ease of manufacture (Nagano et al., 2011) . In this paper, mathematical models were established under several working patterns, and laboratory experiments were conducted to validate the models. The effect of insulation material was also evaluated. Flow regulators were designed, fabricated, and inserted into MLHPs to improve the operating characteristics. The working performance of the flow regulator was evaluated by comparing the test data obtained for MLHPs operating with and without flow regulators. Calculations were also conducted to determine the properties of the flow regulator by evaluating the ratio of each side's mass flow rate. The porous structure in the developed flow regulator is made of ultra-high molecular weight (UHMW) polyethylene. 
Nomenclature

Features and operating principles of multiple loop heat pipes
Figures 1 and 2 show the schematic of two working patterns of MLHP. This MLHP is made of two evaporators (Evaps), two condensers (Conds), two vapor lines (VLs), two liquid lines (LLs), and two compensation chambers (CCs). There is one porous wick in each evaporator. In the case of Fig. 1 , heat loads are applied to both evaporators, causing the vapor generated in each evaporator to converge in the common vapor line. Subsequently, the vapor separates, flows along each vapor line, and condenses into liquid in each condenser. The liquid again converges in the common LL and then separates into each LL. After the fluid reaches the compensation chamber, it flows to the evaporator to replenish the evaporated volume. The MLHP system is driven by the capillary force developed in the porous wick. If the total pressure drop of the loop is larger than the capillary force, the system will deprime as the vapor penetrates the evaporator, resulting in inverse flow. In the case of Fig. 2 , heat load is only applied to one evaporator, leading to inverse flow in the unheated evaporator. Thus, the unheated evaporator works as one condenser and acquires heat from the other evaporator. The operation temperature of MLHP depends on the temperature of each compensation chamber. The temperature of the higher compensation chamber is the operating temperature of the loop and controls the loop operation.
The features and advantages of MLHP are summarized as follows: (1) MLHP can cool multiple heat sources or a heat source with a large thermal footprint because it has two evaporators. (2) Since MLHP has two condensers, heat dissipation is more flexible. For example, if one condenser cannot work due to high temperature, the other condenser can still dissipate heat coming from the heat source. (3) Heat exchange occurs between the two evaporators. When one evaporator is heated, the heated evaporator offers heat to the second, unheated evaporator, saving the electricity that would be used to keep the unheated evaporator warm. show the vapor flow, and the blue arrows show the liquid flow. Fig. 3 The schematic of one evaporator. The blue color indicates the liquid phase, the orange part is the wick, the white part is the vapor phase, and the gray part is the thermal insulation material.
Mathematical model
Figures 3 and 4 illustrate the schematic and the calculating node of one evaporator for a steady-state model in which the effect of the insulation material is considered. In Fig. 3 , ① represents the insulation material wrapped around the outside of the evaporator, ② is the evaporator case, ③ is the insulation material wrapped on the outside of the compensation chamber, ④ is the case of the compensation chamber, ⑤ is the evaporator, ⑥ is the vapor line, ⑦ is the wick, ⑧ is the evaporator core, ⑨ is the compensation chamber, ⑩ is LL, ⑪ is the bayonet tube, and ⑫ is the ambience. Figure 4 depicts the relationships between the ten nodes; an energy equation was established between each node to calculate the temperature. The thermal conductance between each part can be calculated according to the size of each part, with the exception of the thermal conductance between the compensation chamber and the inner wall of the compensation chamber, because the two phases coexist in the compensation chamber. In this model, it is assumed that the temperature of the compensation chamber is equal to the temperature of the inner wall of the compensation chamber case. In the mathematical model, the heat transferred from the heater block to the evaporator is calculated at first, followed by the heat transferred from the evaporator to the insulation material. In the mathematical model, the heat transferred from the insulation material that wraps the outside of the compensation chamber case to the evaporator case is neglected, and the temperature of the evaporator core ( _ ) is assumed to be equal to the temperature of the compensation chamber ( 1 ).
To analyze the temperature of each part, we first consider the temperature of the evaporator ( ) and the heat transferred from the evaporator case to the evaporator (̇) as the heat load applied to each evaporator and the ambient temperature ( ) are already known. The temperature of each node can be calculated using the following equations: From Eq. (1), the temperature of the evaporator case ( _ ) can be calculated since the heat transferred from the evaporator case to the evaporator (̇) and the temperature of the evaporator ( ) are already known. If the temperature of the evaporator case ( _ ) is known, the temperature of the insulation material wrapped around the evaporator can be obtained from Eq. (2). The temperature 1 can be acquired from Eq. (5). From Eq. (6), the mass flow rate (̇) can be obtained. Thus, the temperature and pressure of each part can be calculated, and the pressure of the compensation chamber can finally be calculated after all the temperatures of the loop are determined. The method to calculate the vapor line and LL are given in the dissertation of Bai et al. (2009) . In the condenser, the pressure loss of the two-phase flow region can be calculated by the Lockhart-Martinelli correlation (Chisholm, 1967) . Another temperature of the compensation chamber from the pressure-temperature saturation line can be acquired since the pressure of the compensation chamber is known, and two phases exist in the compensation chamber ( 2 ). In addition, one more temperature of the compensation chamber can be calculated from the energy balance of the compensation chamber as:
At this point, three temperatures of the compensation chamber have been calculated; however, in reality, there is only one temperature of the compensation chamber. Therefore, we reset the value of the heat that is transferred from the evaporator case to the evaporator (̇) and the temperature of evaporator (
). The calculation is completed when the three temperatures are all equal, and the correct temperature of each part can be identified.
Compared with the LHP model, it is difficult to predict the temperature at the confluence (Points A and C) part in the MLHP model. In this work, the law of the conservation of energy is used to evaluate the temperature of the confluence point, and the energy is estimated from enthalpy. To calculate the enthalpy, firstly suppose that all the fluid is vapor. The ideal gas enthalpy equation is then used to solve the enthalpy of each part. The vapor fraction can be calculated according to the pressure of the confluence point. The temperature and vapor pressure of the inlet vapor line are given by Eqs. (8) and (9), respectively, and the temperature and vapor pressure of the confluence part of the LL inlet common are given by Eqs. (10) and (11), respectively:
In Eq. (9), we suppose that only the vapor remains after confluence; thus, the pressure of point A ( ) must be lower than the saturation pressure of point A (
). In contrast, if the pressure of point A ( ) is higher than the saturation pressure of point A ( ), the liquid phase is known to exist. To solve the vapor fraction, the temperature of point A ( ) is increased by ∆ , and the saturation pressure of point A ( ) can be calculated again based on the new . This process should be continued until the pressure of point A ( ) is lower than the saturation pressure of point A (
). At that time, is obtained, and can be acquired by Eq. (9). The same process applies to Eqs. (10) and (11). The flow regulator is applied to generate a difference in mass flow rate between the two condensers using the capillary force in each inside porous structure. When one condenser is operated at a higher temperature than the other, the vapor cannot by completely condensed on the high-temperature side, and the uncondensed vapor flows through LL and joins the flow from the low temperature side if MLHP is operated without a flow regulator. As a result, the uncondensed vapor condenses, and a large amount of heat is released, causing the loop to operate at high temperature. To avoid such a scenario, a flow regulator was designed and installed near the inlet of the common LL, as shown in Fig. 1 . Figure 6 shows the schematic of the flow regulator. The porous material in the middle of the flow regulator can prevent the vapor from flowing through it. The high-temperature uncondensed vapor that reaches the flow regulator is blocked, and part of the flow is diverted to the other low-temperature condenser side. In this way, the mass flow rate of each condenser can be regulated, and the only liquid exists at the inlet of the common LL. Thus, MLHP can operate at low temperature since no latent heat is released by the liquid confluence. Equation (12) shows the operating principle of the flow regulator; ∆ is the capillary force of the porous material, ∆ is the pressure loss of the flow path, and ∆ is the pressure loss of the porous material caused by the liquid flowing through the porous material. The flow regulator can be operated until the total pressure loss overcomes the capillary force of the porous material:
The pressure loss of the porous material ∆ can be calculated according to Darcy's law (Eq. (13)), where ̇ is the mass flow rate, is the viscosity of the liquid, is the thickness of the porous material, is the density of the liquid, is the permeability of the porous material, and is the area of the porous material.
According to the mathematical model, the pressure loss through the flow regulator is 1084 Pa when the temperature is 20°C and the heat load is 20/20 W. The working fluid is acetone, and the configuration of the flow regulator is presented in Table 1 . In this experiment the evaporator is heated by cartridge heater. A heater block which is made of aluminum is fasten on the surface of cylindrical evaporator. There are 4 holes on the heater block in the axis direction of evaporator. Those holes are inserted by cartridge heaters. When the cartridge heaters operate, they can heat the heater block, and then the heat transports from heater block to the evaporator's surface by heat conduction. In this way the evaporator is applied with heat load. The output of cartridge heaters is controlled by computer based on each test condition, which can be found on table 2. The insulation material is wrapped around the evaporator and heater block to prevent the heat escaping to ambience. In this experiment, 60 T-type thermocouples (indicated by the numbers in Fig. 7 ) were used to monitor the temperature of each section of MLHP. The circles in Fig. 7 mark the temperature measuring positions. The condensers were enclosed in aluminum plates attached to copper plates. The temperatures of the copper plates were controlled by chillers. Pure acetone (99.5%) was the working fluid, and the amount of fluid was 60 cc to ensure that vapor exists in one compensation chamber under low heat load, and that liquid exists in one compensation chamber under high heat load. The PTFE porous medium, which has less thermal conductivity than conventional metal wicks, is used as the primary wick material in order to reduce heat leakage which comes from the evaporator to the compensation chamber and in order to decrease the operating temperature. Table 2 lists the test conditions. Three types of experiments were conducted to identify the operating characteristics of MLHP under different conditions:
Experimental system and test conditions
(1) Heat loads were applied to both evaporators to confirm the behavior of MLHP for sink temperatures ranging from 0 to 40°C. (2) A heat load was applied to one evaporator to confirm heat transfer between the evaporators. (3) The temperature of sink 2 was varied from 0 to 80°C to evaluate the performance of the flow regulator. Test (3) was conducted for MLHPs operated with and without a flow regulator.
Results and discussion
Results of test (1)
In case 1, heat loads were applied to both evaporators. The calculation results and experimental data are compared in Figs. 8-10 . Both sinks were operated at 20/20°C, and the ambient temperature was 25°C. Figure 8 shows the comparison between the calculation results and the experimental data under different heat loads. In this case, the test was stopped when the heat loads rose to 45/45 W because at that point, the temperature of the evaporator reached 100°C, and the PTFE wick cannot work at this temperature. In Fig. 8 , Loop 1 is all the components on the right side of MLHP, and Loop 2 is all the components on the left side of MLHP (Fig. 7) . The calculation indicates that compensation chambers 1 and 2 have the same temperature. However, the experimental temperatures are different because in the test, the real temperatures of the compensation chamber cases were measured. Although the temperature in the compensation chambers is the same in the calculation, the thermal conductance between the fluid and the inner wall of the compensation chamber case is different because the percentages of liquid and vapor vary in the compensation chambers, making the temperatures of the compensation chamber cases different. The difference between the experimental and calculated compensation chamber temperatures is 3°C, indicating that the calculation result is appropriate to the experiment data. Figure 9 compares the calculation results and the experimental data for different sink temperatures. The operating temperature increased with increasing sink temperature, except for the temperature of 30/30°C. This can be explained by the fact that the ambient temperature was not well controlled. Figure 9 shows that when the sink temperature reached 30/30°C, the difference between the calculated and experimental results became larger, and with the increase of sink temperature the difference became larger and larger. This occurs because when the sink temperature is higher than the ambient temperature, the returning liquid heats, rather than cools, the compensation chamber. A more specific mathematical model is required to solve this problem. Figure 10 shows the temperature of each part of MLHP under steady state conditions where the temperatures of the sinks were 20/20°C, and the heat loads were 20/20 W. The calculation results are in good agreement with the experimental data except for the vapor line results. The most probable reason for this is the existence of non-condensable gas (NCG). NCG can enter MLHP when the working fluid is filled or through leaks in MLHP. If the NCG stays in the compensation chamber, the temperature difference between the evaporator and compensation chamber will be larger than calculated due to the increase in the difference between the compensation chamber saturation pressure and the evaporator saturation pressure (Joung et al., 2010) . Since the temperature of the vapor line is closely linked to the temperature of the evaporator, the temperature of the vapor line also increases. Therefore, a large difference between the calculated and experimental temperatures is observed in Fig. 10 . The effect of NCG should be studied in future works to solve this problem.
© Figure 11 shows the calculated and experimental results for case 2. This experiment was conducted under the condition that the two sink temperatures were kept at 20/20°C. The ambient temperature was 25°C, and the power ranged from 0/0 W to 55/0 W. When the heat load rose to 55/0 W, MLHP was stopped because the temperature of evaporator 1 exceeded 100°C. The difference between the calculated and experimental temperature was less than 2° in Fig. 11 . Thus, the mathematical model suitably reproduces the experimental data. However, the changing inclination of the CC temperature is different. In the experimental results, the temperature of CC2 on the unpowered side is higher than that of CC1 in the low-power region (less than 35/35 W), and the temperature of CC1 was lower than the temperature of CC1 in the high-power region (more than 35/35 W). This is because in the low-power region, CC1 dismissed less heat than CC2; in contrast, in the high-power region, the vapor of evaporator 1 overcame the capillary force of the wick and began to enter the evaporator core, resulting in more heat leakage. According to the calculated results, the temperature of CC2 was higher than the temperature of CC1, possibly due to the existence of NCG gas. In the experiment result, NCG caused an increase in pressure loss and resulted in more heat leaking to the compensation chamber side. In contrast, the pressure loss of NCG was not considered in the calculation, and the CC2 temperature was higher than the CC1 temperature since the heat leak to the CC1 side was still small. Figure 12 presents the temperature of each part of MLHP under steady state conditions. The temperatures of the two sinks were kept at 20/20°C, and the heat loads were kept at 20/0 W. As in case 1, the calculation results are in good agreement with the experimental data except for the vapor line, likely due to the existence of NCG, as discussed above.
Results of test (2)
Results of test (3)
Table 3 presents the average temperature of the evaporator and the common LL; △T represents the temperature difference between the cases with and without (w/o) the flow regulator (FR). In the experimental data, the temperature of the evaporator (Evap.) and common LL with the FR were 21 and 32°C lower than in the case without F The temperatures of each part of MLHP under steady state conditions are shown in Fig. 13 for a heat load of 30/30 W and sink temperatures of 0/0°C, 0/40°C, and 0/80°C.
In Fig. 13 , the left side was operated without the flow regulator, while the right side was operated with the flow regulator. For the sink temperature of 0/0°C, all vapor was condensed in the condenser, so no difference is observed between the two cases. At a sink temperature of 0/40°C, the temperatures of LL and the evaporator without the flow regulator are higher than with the flow regulator, indicating that uncondensed vapor reached the confluence of LL. For a sink temperature of 0/80°C, the temperature of the evaporator and LL without the flow regulator increased significantly during the experiment, while those with the flow regulator were stable. This indicates that the flow regulator worked effectively.
According to the calculation, in the 0/80°C case, the ratio of the mass flow rate on the low-sink temperature side to the mass flow rate on the high-sink temperature side was 66:34 without flow regulator, while it was 91:9 with the flow regulator. The ratio of the two condenser mass flow rates would be 50:50 if the temperature of the two sinks and the power of the two heat loads were the same. Therefore, the calculated results also confirm the effectiveness of the flow regulator.
In Fig. 13 , the calculation results are in good agreement with the experimental data except for three parts. First, at sink temperatures of 0/0°C without the flow regulator, the experimental evaporator temperature is higher than the calculated one because in the mathematical model, the thermal conductance between the evaporator case and the evaporating surface was fixed. However, in the experiment, this parameter increases with temperature, resulting in a larger temperature difference between the evaporating surface and the evaporator case. Therefore, the experimental evaporator temperature is higher than the calculated one. Second, the calculated condenser inlet temperature does not agree with the experimental one because the experimental thermocouple temperature is influenced by the sink temperature, making the experiment data close to the sink temperature. Third, for sink temperatures of 0/40°C and 0/80°C with the flow regulator, the calculated temperature of the returning liquid was higher than the experimental one, indicating that in the experiment, heat was leaked to the confluence of LL through the porous material in the flow regulator. A study on avoiding this effect of the flow regulator should be done in the future.
Conclusions
Mathematical models were developed, and experiments were conducted under the cases that both evaporators were heated by heat source, one evaporator was heated by heat source and MLHP operated with flow regulators. When MLHP was operated with one or two evaporators heated, the calculations agreed well with the experimental data except for the temperature of the vapor line, likely due to the existence of NCG. To investigate the effect of flow regulators, a flow regulator was designed, fabricated, and inserted into an MLHP. The experimental data indicate that the flow regulator can reduce the operating temperature when a large temperature difference exists between the two sinks. In this case, the mathematical model confirms the effect of flow regulator and evaluates the ratio of the mass flow rates on the two condenser sides. The calculated results are in good agreement with the experimental data except for three parts: the evaporator temperature; the condenser inlet temperature; and the common LL temperature. These discrepancies arose due to inaccurate parameter estimation and experimental error, which will be addressed in future studies. 
